We report low temperature scanning tunneling microscopy and spectroscopy studies of Ni-Bi films grown by molecular beam epitaxy. Highly anisotropic and twofold symmetric superconducting gaps are revealed in two distinct composites, Bi-rich NiBi3 and near-equimolar NixBi, both sharing quasione-dimensional crystal structure. We further reveal axially elongated vortices in both phases, but Caroli-de Gennes-Matricon states solely within the vortex cores of NiBi3. Intriguingly, although the localized bound state splits energetically off at a finite distance ∼ 10 nm away from a vortex center along the minor axis of elliptic vortex, no splitting is found along the major axis. We attribute the elongated vortices and unusual vortex behaviors to the combined effects of twofold superconducting gap and Fermi velocity. The findings provide a comprehensive understanding of the electron pairing and vortex matter in quasi-one-dimensional superconductors.
I. INTRODUCTION
Superconductivity in reduced dimensionality has long been of interest in condensed matter physics, particularly given that most superconductors with relatively higher transition temperature T c , regardless of whether they are unconventional cuprates 1 and iron pnictides 2 or conventional MgB 2 3 , have quasi-two-dimensional (2D) layered structure. It becomes more interesting insofar after the interface superconductivity with an unexpectedly high T c > 65 K in single-layer FeSe films grown on SrTiO 3 was recently discovered 4 . In the last three decades, much has been learned about the novel pairing phenomena and exotic phenomena in quasi-2D superconductors. As the dimensionality is further reduced to quasi-one-dimensional (1D) case, however, how the electrons would pair up and behave is little explored. This has been hindered primarily by the rare occurrence of superconductivity in quasi-1D electron systems. Thus far, only a few quasi-1D compounds, such as the Bechgaard salts (TMTSF) 2 X (X = PF 6 , ClO 4 ) 5, 6 , Li 0.9 Mo 6 O 17 7 , Ta 4 Pd 3 Te 16 8 and the recently-discovered chromium pnictides A 2 Cr 3 As 3 (A = K, Rb and Cs) 9 , are found to be superconducting. A comprehensive understanding of electron pairing and vortex states in quasi-1D systems is currently lacking.
Recently, owing to its availability of cleavage plane, the quasi-1D Ta 4 Pd 3 Te 16 superconductor with an anisotropy of about 2. 5 10 was investigated on the atomic scale by means of scanning tunneling microscopy (STM) 11, 12 , but leading to several obvious controversies. First, the measured superconducting energy gaps were distinctively accounted for by isotropic 11 or anisotropic 12 electron pair functions. Second, although the elongated magnetic vortices were consistently observed, there exists great ambiguity as regards the vortex core states. Neither the observed double-peak feature around the vortex centers 11 nor the non-split zero-bias conductance (ZBC) peaks when away from the vortex center 12 appears contradictory with previous reports, in which the ZBC peaks caused by vortex bound states 13 often split off energetically starting from the vortex center in both anisotropic 14, 15 and isotropic superconductors 16 . A concern over the electron pairing and vortex states has therefore emerged in quasi-1D superconductors. In this study, we reveal the anisotropic superconductivity and unusual vortex states in two quasi-1D Ni-Bi films grown by molecular beam epitaxy (MBE), which exhibits a comparable anisotropy with Ta 4 Pd 3 Te 16 17 , and provide a detailed microscopic view of quasi-1D superconductors.
II. EXPERIMENT
Our experiments were carried out in an ultrahigh vacuum cryogenic STM system (Unisoku), which is connected with a MBE chamber for in-situ sample preparation. The base pressure of both chambers is better than 1.0 × 10 −10 Torr. Nb-doped (∼ 0.05 wt%) SrTiO 3 (001) substrates were cleaned by annealing at 1250
• C for 20 min. High-quality Ni-Bi epitaxial films were grown on SrTiO 3 (001) at ∼ 280
• C−300
• C by thermal evaporation of high-purity Ni (99.994%) and Bi (99.997%) sources from two standard Knudsen cells. Details of the sample preparation are given in Appendix A. The temperatures of Ni and Bi sources were respectively set at 1200
• C and 495
• C, resulting in a growth rate of approximately 0.1 nanometer per minute. The optimal growth was achieved under Bi-rich condition, bearing a similarity to that for β-Bi 2 Pd films 18 . Polycrystalline PtIr tips were cleaned by electron beam heating and calibrated prior to data collection at 0.4 K, unless otherwise specified. Tunneling conductance spectra and ZBC maps were measured by means of standard lock-in technique with a small bias modulation of 0.1 mV at 913 Hz.
III. RESULTS

A. Surface structure
Based on their mole ratio, the alloys of Ni and Bi can be crystalized into three distinct phases 19 , with the crystal structures and lattice parameters summarized in Table I. The typical STM topographies of the three NiBi phases, which can coexist on the as-grown films, are shown in Figs. 1(a)-1(c) . Illustrated in Fig. 1(a) is the first stoichiometric NiAs-type NiBi phase with the space group P63/mmc [ Fig. 1(d) ], which presents a hexagonal supercell. The adjacent bright spheres are spaced 7.2 ± 0.2Å apart, consistent with a reconstructed NiBi(0001)- As the Ni/Bi ratio slightly departs from unity, however, more specialized studies have previously found pseudoorthorhombic Ni-Bi superstructure with a space group of F12/m1 20, 21 , in which displaced and occupational modulations of Bi and Ni atoms lead to quasi-1D structure along the b axis. This near-equimolar Ni x Bi phase, as represented in Fig. 1(b) , actually exhibits the expected in-plane lattice parameters: a = 14.12Å, b = 8.15Å [ Fig. 1(e) ]. Note that lattice discontinuities are always found to run along the b axis [ Fig. 1(b) ] and mainly originate from the off-stoichiometry created Ni/Bi vacancies. These vacancies appear beneficial that one can easily tell the atoms along the 1D chain apart and measure the lattice parameter of b = 8.15Å.
In Fig. 1(c) , we show the third phase that appears predominantly at a lower growth temperature of 280
• C. The in-plane lattice constants are measured as a = 8.17Å and b = 4.13Å from the inserted high resolution STM image in Fig. 1(c too weak to be resolved in Ni x Bi and one can not tell the lattice constant b from the FFT image. Fortunately, we measure the lattice parameter of a = 8.15Å from the real space STM image, as discussed above.
Although some early studies indicated the coexistence of superconductivity and ferromagnetism in NiBi 3 23-25 , the recent work reveals that it might be amorphous Ni residuals to bear the responsibility for the magnetic signal 26 . As drawn in Fig. 1 (f), the NiBi 3 could be best described as a packing of NiBi 3 rods. Within a single rod, the bonding is dominated by Ni-Ni and Ni-Bi interactions, while the Bi-Bi bonding appears significantly weak. Such a structural confinement provides another quasi-1D system 17, 25 , similar to the near-equimolar Ni x Bi.
B. Anistropic superconductivity
Scanning tunneling spectroscopy (STS) probes quasiparticle density of states (DOS) and provides key infor- mation of superconductivity. To eliminate possible disturbance from SrTiO 3 substrate, we here focus on thick Ni-Bi films with a thickness greater than 10 nm. Plotted in Fig. 2(a) are the large-energy-scale STS data at 0.4 K. Despite a sudden DOS change around the Fermi level (E F ), the NiBi has no signature of superconductivity. In contrast, both of NiBi 3 and Ni x Bi films exhibit symmetric gaps with respect to E F . The gaps are suppressed and eventually vanish at elevated temperatures, indicating their origin from superconductivity. This thus provides two platforms to examine directly the electron pairing of quasi-1D superconductors by STS.
In order to gain insight into the pairing gap, we have collected and normalized the smaller-energy-scale dI/dV spectra, shown in Figs. 2(b)-2(e) as black empty symbols. We use tentatively the Dynes model with an effective energy broadening Figs. 2(b) and 2(d) , fails completely to track the low-energy DOS around E F . Although the green solid lines with d -wave gaps can more reasonably follow the STS curves as a whole, it gives rise to somewhat too sharp V-shaped feature near the bottom, as compared to the STS data. We thus consider the scenario of anisotropic s-wave gap function to simulate the data. As justified below, the twofold symmetric gap ∆(θ) = ∆ 1 + ∆ 2 cos(2θ) rather than fourfold symmetric gap is favorable, although both functions lead to the same gap structure. As illustrated in Figs. 2(c) and 2(e), the anisotropic s-wave gaps interpret the experimental STS data quite nicely. This results in the gap function ∆ NiBi3 (meV) = 0.72 + 0.30cos(2θ) and ∆ NixBi (meV) = 0.75 + 0.32cos(2θ) for NiBi 3 and Ni x Bi, respectively. The gap maximum ∆ max for NiBi 3 (Ni x Bi) is estimated to be 1.02 meV (1.07 meV), while the gap minimum ∆ min is 0.42 meV for both films. This suggests that despite large anisotropy there exists no node in the gap function.
The nodeless pairing is further confirmed by picking up a nanometer-sized Ni-Bi superconducting film on the end of STM tip and performing the superconductorinsulator-superconductor tunneling spectrum, which allows for higher energy resolution 28 . Figure 2 (f) plots such STS spectra as a function of temperature, which were acquired on the Ni x Bi films. At the lower temperatures, the spectra reveal vanishing DOS over a finite energy range near E F . This gives the convincing evidence of no nodes involved in the superconducting gap function of Ni-Bi films investigated. At elevated temperatures, the superconducting gaps are progressively suppressed and completely vanishes above 4.38 K. This suggests that the T c of Ni x Bi studied lies between 4.15 K and 4.38 K (∼ 4.2 K), consistent with the reported value of 4.25 K 17 . We also measured the dI/dV spectrum on NiBi 3 and revealed the disappearance of superconducting gap at an elevated temperature of 4.3 K, consistent with the expected T c = 4.06 K 17 . Therefore, we estimate T c ∼ 4.2 K for Ni x Bi epitaxial films, although more careful experiments are needed to determine the T c for the NiBi 3 films. Using the gap maxima ∆ max , we extract the reduced gap 2∆ max /k B T c is ∼ 5.8 for Ni x Bi, suggesting strong coupling superconductivity in Ni-Bi compounds. One might argue that multi-band effects could be involved and a mixture of isotropic s-wave and d-wave gaps can also fit the STS data. However, a recent study from magnetoresistance measurements has revealed the dominance of only one band below 60 K in NiBi 3 25 . The Ni-Bi films are thus most likely characteristic of anisotropic single superconducting gap.
C. Magnetic vortices and unusual core states
Magnetic vortex imaging gains further insight into gap structure and vortex states of superconductors. Figures  3(a)-( Wb. Here the elongated vortex cores can be intuitively accounted for by the directional dependence of coherence lengths ξ. To calculate ξ, in Fig. 5(a) we extract the radial and directional dependence of ZBC in NiBi 3 and fit them by the GinzburgLandau expression for superconducting order parameter: ZBC(r)=ZBC ∝ +(1−ZBC ∝ )(1−exp(−r/ √ 2ξ)) with ZBC ∝ representing the ZBC far away from the vortex core 29 . Figure 5 (b) plots the angular dependence of ξ, from which we estimate the ratio ξ b /ξ a of as high as 3.9 in NiBi 3 . This value appears larger than the anisotropy of Fermi velocity v F b /v F a = 2.6
17 . Since ξ is cooperatively given by v F and ∆ via ξ = v F /π∆, this supports the above-claimed anisotropy in ∆. Meanwhile, the pairing gap must be of twofold symmetry with gap minima along the b axis. Otherwise, the vortex core should be of fourfold or modulated fourfold symmetry. This thus rules out the possible involvement of d -wave gap in quasi-1D NiBi 3 . Such a rule might happen in Ni x Bi as well (blue symbols in Fig. 5(b) ). Here The ratio ξ b /ξ a is estimated to be about 3.8 and larger than the gap anisotropy of 2.55, suggesting that the Fermi velocity v F is different along the a and b axes. This behaves analogous to that observed in NiBi 3 . Moreover, the occurrence of gap minimum along the b axis is consistent with the small DOS there, because the DOS scales inversely with v F 30 , which in our case appears larger along the b axis than that along the a axis. Notably the above results are subject to confirmation by the angular-dependent measurements of magnetoresistance and upper critical field H c2 . However, unfortunately, these parameters are not currently available, since the Ni-Bi samples studied here are only a few hundred nanometers in size and not large enough for a macroscopic investigation
The most remarkable finding stands out by exploring the low-energy quasiparticle excitations in the vicinity of vortices. In Fig. 3(f) , we show the STS data at the centers of vortices in NiBi 3 and Ni x Bi. Although the NiBi 3 holds a pronounced ZBC peak, no ZBC peak exists in Ni x Bi. Such a distinction might originate from the fact that off-stoichiometry-increased scattering significantly reduces the electron mean free path and pushes the Ni x Bi superconductor into the dirty region ( < ξ), where the constructive interference of repeated Andreev scatterings responsible for the ZBC peak can no longer sustain within the vortex cores. Conversely, the presence of ZBC peak means a longer than ξ (clean limit) in NiBi 3 , which coincides with its high stoichiometry nature. Figure 3(g) shows the dependence of tunneling dI/dV spectra on the radial distance r away from a vortex center in NiBi 3 . Quite strikingly, the ZBC peaks evolve quite differently between along the a and b axes. Although the ZBC peak firstly decays and then begins to split into two symmetric branches in energy at a distance of r ∼ 10 nm along the a axis (bottom panel), it exhibits no observable splitting along the b axis (upper panel). We emphasize that this unusual finding is inherent to superconducting NiBi 3 , irrespective of the field of view we studied. This is well confirmed in Fig. 6 . In a different field of view, we observe the identical behaviors of the vortex core states.
IV. DISCUSSIONS
The unprecedented variations of vortex-induced lowenergy excitations differ substantially from the common Caroli-de Gennes-Matricon (CdGM) vortex bound states 13 , which were often observed to split at sites quite close to the vortex center 14, 31 . The retarded splitting of such peak around vortices was rarely found in topological insulator Bi 2 Te 3 /NbSe 2 hybrid structure and interpreted as the involvement of Majorana zero modes 32, 33 . The zero-energy Majorana mode comes into play together with the CdGM states and will delay the splitting of ZBC peaks around vortices. This might be possible for NiBi 3 because the Ni/Bi bilayer films, which inevitably contains NiBi 3 phase during the sample preparation 34 , exhibit nontrivial superconducting states potentially harboring MZMs at vortices [35] [36] [37] . However, a more reasonable explanation might be that the observed vortex-core-state anomaly in Fig. 3(g) and Fig. 6 come solely from CdGM states in quasi-1D compounds with twofold superconducting properties. In the theoretical framework of CdGM states, the low-energy quasiparticle excitations around vortices consist of a series of discrete bound states, with the spacing of energy levels proportional to ∆ and 1/v F 38 . Along the b axis of quasi-1D NiBi 3 , the smaller ∆ and larger v F conspire to lead to a small energy spacing of the bound states, which is difficult to be resolved due to the thermal smearing of 0.4 K in experiment. On the other hand, the energy spacing of bound states along the a axis (large ∆ and small v F ) might be large enough to be discernible at a finite distance away from the vortex center (the bottom panel of Fig. 3(g) ). This scenario reasonably explains our findings above and can help understand the direction-dependent vortex core states in Ta 4 Pd 3 Te 16 as well 11, 12 . Further experiment at a lower temperature might help fully understand the mechanism behind the exotic vortex states observed in Fig. 3(g) .
Finally we comment on vortex arrangement in quasi-1D superconductors. For isotropic s-wave superconductors, and when pinning is not quite effective, vortices are packed into a hexagonal lattice. On the other hand, square vortex lattice with the sides along the directions of ∆ or v F minima, can be formed in superconductors with fourfold symmetric properties 30, 39 . In quasi-1D compounds with twofold superconductiving state, however, the vortices are more distorted and could be roughly described by an oblique lattice [Figs. 3(c)-(e) 11, 12 . This might be due to the trade-off between the direction-dependent vortex-vortex interactions for elliptic vortices and the closet packing of vortices.
V. SUMMARY
In summary, our detailed STM/STS study of Ni-Bi epitaxial films has developed a comprehensive microscopic picture of quasi-1D superconductors. First, we have explicitly revealed by conducting tunneling spectrum that quasi-1D superconductors are characteristic of twofold symmetric gap functions. Second, we have visualized elongated vortices, and more significantly revealed their (as well as the unusual CdGM vortex bound states) origin from the combined effects of twofold superconducting pairing and Fermi velocity in quasi-1D superconductors. Third, we have shown by spatially resolved spectroscopy that the CdGM bound states behave sharply different along the major and minor axes of elliptic vortices in quasi-1D superconductors. This allows for a reasonable explanation for the discrepancy of CdGM states in Ta We prepared Ni-Bi epitaxial films on SrTiO 3 (001) substrate by using Bi-rich condition. A deficiency of Bi element during the growth was found to result in polycrystalline Ni clusters. To grow crystalline Ni-Bi films, we have set the temperatures of Ni and Bi sources at 1200
• C and 490
• ∼ 500 • C, respectively, which leads to a Bi/Ni flux ratio of around 1.5∼2.2. A larger flux ratio of Bi/Ni leads to many unwanted small rods (most probably the excess Bi), in particular at a lower substrate temperature T sub [ Fig. 7(a) ]. Figure 7 illustrates the STM morphologies and the corresponding atom resolution STM images of as-grown NiBi films. The Ni-Bi compounds grow typically in a threedimensional island mode. At the elevated substrate temperature T sub > 280
• C [Figs. 7(b-d) ], the epitaxial Ni-Bi films with a lateral size of hundreds of nanometers could be found, which well satisfy our requirements for STM studies. A closer scrutiny of atomically-resolved STM images reveal that although the stoichiometric NiBi, nearequimolar Ni x Bi and Bi-rich NiBi 3 phases coexist in an intermediate substrate temperature T sub = 280
• ∼ 300 • C, a higher or lower T sub leads to the exclusive hexagonal phase with various reconstructed surface structrues [Figs. 7(e), 7(g) and 7(h)]. For example, at T sub = 350
• C, the frequently observed surface exhibits a hexagonal superstructure with an extremely large period [ Fig. 7(h) ]. Based the inserted Fast fourier transform (FFT) image in Fig. 7(h) , the periodicity of the superstructure is estimated to be approximately 1.79 nm, matching excellently with a reconstructed NiBi(0001)-( √ 19 × √ 19) surface. The absences of Bi-rich NiBi 3 and Ni x Bi phases at the higher T sub are understandable, since the sticking coefficient of Bi on SrTiO 3 is significantly small at the higher T sub 18 , leading to a Bi-deficient environment in which only the Bi-poor hexagonal phase is formed. On the other hand, we hypothesize that the reason why no Bi-rich NiBi 3 and Ni x Bi phase exist at the lower T sub might be their relatively higher formation energy than
NiBi. In order to obtain the NiBi 3 and Ni x Bi phases, a sufficiently high T sub (> 280 • ) is thus required.
